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PURPOSE 


The  primary  objective  of  this  program  is  the  investiga¬ 
tion  of  the  effects  of  processing  variables  on  the  trapping 
characteristics  of  injected  charge  carriers  in  thermal  sili¬ 
con  dioxide.  In  addition,  the  nature  and  process  dependence 
of  avalanche  injected  trapped  charges  will  be  compared  to 
those  produced  by  ionizing  radiation  in  identical  oxides. 

The  results  obtained  from  this  program  should  help  in  the 
determination  of  optimum  process  conditions  for  minimizing 
hot  carrier  trapping  in  VLSI  device  structures  and  in  the 
establishment  of  accelerated  test  procedures  for  the  evalu¬ 
ation  of  radiation  trapping  properties  of  thermal  oxides. 
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1 . 0  INTRODUCTION 

A  joint  program  has  been  established  between  Fairchild 
Camera  and  Instrument  Corporation  and  the  Naval  Research 
Laboratory,  the  purpose  of  which  is  to  characterize  the  pro¬ 
cess  dependence  of  the  trapping  of  injected  electrons  and  holes 
in  thermally  grown  silicon  dioxide.  The  nature  of  the  trapped 
charge  is  compared  to  that  produced  by  ionizing  radiation  in 
oxides  prepared  at  the  same  time  and  under  identical  condi¬ 
tions.  Results  from  this  program  should  permit  the  optimi¬ 
zation  of  the  process  conditions  necessary  for  VLSI  device 
structures  with  minimum  hot  carrier  trapping. 

MOS  test  capacitor  structures  were  prepared  at  Fairchild 
under  controlled  conditions.  Process  parameters  under  inves¬ 
tigation  included: 

1  —  Oxidation  ambient  (02,  H20,  and  02/HCl) 

2  —  Oxidation  pressure  (1,  5,  and  10  atm) 

3  —  Cooling  ambient  (02,  N2,  and  Ar) 

4  —  Cooling  rate  (3  sec,  2  min,  and  10  min) 

5  —  Post-oxidation  in-situ  anneal  (N2  and  Ar) 

6  —  Polysilicon  field  plates 

7  —  Post-metallization  anneals  (N2,  N2/H2'  H2) 

8  —  Substrate  orientation  ((100)  and  (111)) 

9  —  Oxide  thickness 

10  —  Process-related  radiation  exposure  (e-beam  lithog¬ 
raphy,  e-beam  implant  and  damage  anneal,  sputtering, 
plasma  and  others) . 

Carrier  injection  is  achieved  by  avalanche  from  a  doped 
substrate  (10^  -  10^7/cm^) .  The  change  in  flat  band  voltage 
as  a  function  of  carrier  injection  time  for  a  constant  injec¬ 
tion  current  is  monitored  by  a  desktop  computer.  In  some 
selected  cases,  quasi-static  C-V  measurements  are  performed 
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at  intervals  during  the  avalanche  injection.  These  measure¬ 
ments  when  coupled  with  high  frequency  C-V  are  used  to  monitor 
the  generation  of  interface  states  during  the  avalanche  injec¬ 
tion  process. 

One-half  of  all  MOS  structures  were  sent  to  the  Naval 
Research  Laboratory  where  they  were  exposed  to  ionizing 
radiation.  The  charges  induced  by  the  radiation  exposure 
were  then  measured  in  order  to  correlate  the  results  with  the 
avalanche  trapping  data. 


2 . 0  BACKGROUND 


Thermal  silicon  dioxide  has  played  a  key  role  in  the 
development  and  growth  of  the  semiconductor  industry.  Ther¬ 
mally  grown  silicon  dioxide  layers  have  been  used  for  many 
circuit  functions  (1)  including  surface  passivation,  insula¬ 
tion  between  layers  of  metal  and/or  polycrystalline  silicon, 
and  as  actual  circuit  components,  as  well  as  for  many  pro¬ 
cessing  functions  such  as  masking  against  dopant  diffusion 
and  ion  implantation. 

Thermal  Si02  layers  are  formed  at  temperatures  of  700°- 
1200°C  in  dry  oxygen,  wet  oxygen,  pyrogenic  steam,  or  mixtures 
thereof  at  1  atm  and  in  more  recent  technological  developments 
at  pressures  extending  up  to  25  atm  in  commercially  available 
systems  (2) .  The  growth  kinetics  of  thermal  silicon  dioxide 
films  have  been  characterized  by  a  general  relationship  (3) 
and  the  electrical  properties  of  the  films  are  found  to  be 
intimately  related  to  the  oxidation  growth  parameters  such  as 
oxidation  ambient,  post-oxidation  anneals,  and  cooling  rates. 

The  presence  of  charges  in  an  oxide  can  induce  corre¬ 
sponding  charges  of  the  opposite  polarity  in  the  underlying 
silicon.  These  charges  can  affect  many  of  the  characteristics 
of  both  MOS  and  bipolar  devices  such  as  junction  noise,  leak¬ 
age,  and  breakdown;  leakage  or  channeling  between  devices;  low 
current  beta;  and  MOS  threshold  voltages.  In  order  to  more 
fully  understand  the  effect  of  processing  parameters  on  the 
electrical  properties  of  the  thermally  grown  silicon  dioxide 
films,  it  is  necessary  to  characterize  the  types  of  charges 
present  in  these  films.  Four  main  charge  categories  have 
been  identified  and  associated  with  the  Si02  films  and  the 
Si/Si02  interface  (4,5).  These  charges  are  indicated  in  Fig. 
2-1  and  can  be  described  as  follows: 
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—  fixed  oxide  charge,  located  in  the  oxide  near  the 
Si/Si02  interface 

—  interface  trapped  charge  or  states,  located  at  the 
Si/SiC>2  interface  and  in  electrical  communication 
with  the  silicon 


—  mobile  ionic  charge,  located  throughout  the  oxide, 
and  generally  a  positive  alkali  ion  (Na+,  H+) 

—  oxide  trapped  charge,  located  at  the  interface 
and/or  the  bulk  of  the  SiC^,  made  up  of  electrons 
or  holes  trapped  by  various  means  in  the  oxide. 


In  the  above  N  =  Q/q  is  the  effective  number  of  charges  at  the 

-2 

Si/Si02  interface  in  units  of  cm  ,  and  e  density  of  inter¬ 

face  trapped  charge  at  the  Si/SiO~  interface  in  units  of  cm  2 

-ev*1. 


Of  these  four  types  of  charges,  Nf  and  Nit  are  known  to 

be  associated  with  the  oxidation  process.  The  oxide  fixed 

charge  has  been  postulated  to  arise  from  partially  ionized 

silicon,  while  the  structural  type  of  interface  states  seem 

to  have  a  similar  origin,  possibly  trivalent  silicon  tied  to 

three  silicon  atoms  (4,6,7).  Direct  relationships  between  Nf 

and  ISL  t  and  process  variables  such  as  silicon  orientation, 

oxidation  temperature,  and  annealing/cooling  conditions  have 

been  investigated  thoroughly  (8-12)  and  the  interdependence 

of  N,  and  N,.  documented  (12). 
f  it 


The  oxide  trapped  charges,  which  include  both  trapped 
electrons  and  holes,  have  been  investigated  by  various  means 
including  internal  photoemission  (13-15) ,  avalanche  injection 
of  the  substrate  by  means  of  voltage  pulses  (16-18) ,  avalanche 
injection  by  means  of  p-n  junctions  (19) ,  optically  induced 
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Fig.  2-1.  The  four  types  of  charges  associated  with  the 
thermally  oxidized  silicon  structure. 


5 


hot  electrons  from  n-channel  silicon  gate  structures  (20) , 
forward  biased  p-n  junctions  using  epitaxial  silicon  layers 
(19-21) ,  high  electric  fields  (22)  ,  ionizing  radiation  such 
as  x-rays  (23-25) ,  y-rays  (26)  ,  VUV  light  (27-29) ,  and  high 
energy  electrons  (30) .  The  considerable  amount  of  work 
carried  out  dealing  with  oxide  trapped  charge  is  a  reflection 
of  the  importance  attached  to  understanding  both  the  process 
dependence  and  the  physical  origin  of  the  trapped  charge. 

The  main  reason  behind  the  increasing  interest  in  charge 
trapping  in  thermal  oxides  is  primarily  related  to  device 
reliability,  particularly  in  the  case  of  MOS  devices.  It  has 
been  proposed  that  new  processing  techniques  now  being  intro¬ 
duced  such  as  sputtering,  plasma  etching  and  stripping, 
electron  beam  and  x-ray  lithography,  electron  and  laser  beam 
annealing,  as  well  as  established  processes  such  as  electron 
beam  metal  evaporation  and  ion  implantation  through  gate 
oxides  (31-33) ,  can  produce  neutral  oxide  traps.  These  traps 
could,  during  subsequent  irradiation,  be  a  major  source  of 
device  degradation.  A  brief  summary  of  the  process  parameters 
that  can  affect  carrier  trapping  in  thermal  oxides  is  shown 
in  Fig.  2-2  and  includes  standard  oxidation  and  annealing 
processes  in  addition  to  the  more  advanced  techniques  men¬ 
tioned. 

The  selection  of  optimum  process  techniques  is  becoming 
more  critical  to  advanced  device  fabrication.  Furthermore, 
new  constraints  are  being  imposed  by  device  scaling  in  the 
continuing  effort  to  achieve  greater  packing  densities  and  better 
performance.  Shrinking  geometries  can  lead  to  increasing 
electric  field  intensities  which  in  turn  result  in  hot  carrier 
generation  and  injection  into  the  oxide.  In  present  devices, 
sources  of  hot  carriers  such  as  p-n  junction  avalanche  plasmas, 
channel  currents,  multiplication  currents  associated  with 
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7 


channel  currents,  thermally  generated  leakage  current,  and 
forward  bias  supply  currents  can  result  in  carrier  injection 
in  the  oxide  and  subsequent  trapping.  This  trapping  can 
affect  gain,  saturation  conductance,  and  effective  threshold 
voltage  (34) .  These  and  other  adverse  effects  can  cause 
degradation  in  both  bipolar  and  MOS  devices. 

The  process  dependence  of  the  oxide  trapped  charge 
resulting  from  radiation  has  been  recognized  for  some  time 
(35)  and  a  similarity  between  radiation  induced  hole  trapping 
and  avalanche  injected  hole  trapping  has  been  suggested  in  dry 
C>2  oxides  (36)  .  The  process  dependence  of  electron  trapping 
for  oxides  grown  in  dry  C>2  at  1000°C  with  different  cooling 
procedures  was  investigated  at  295°  and  77°K  (37)  .  In  this 
work  we  examine  the  process  dependence  of  both  electron  and 
hole  trapping  by  avalanche  injection  and  the  relationship 
between  avalanche  injection  and  radiation  induced  carrier 
trapping.  The  process  parameters  investigated  include  oxi¬ 
dation  ambient  (dry  02,  pyrogenic  steam,  and  02/HCl) ,  oxida¬ 
tion  pressure  (1,  5,  and  10  atm) ,  post-oxidation  in-situ 
anneal  ambients  (N2,  Ar) ,  cooling  ambient  and  rate  (02,  N2, 
and  Ar  -  3  sec,  2  min,  and  10  min) ,  post-metallization  anneal 
ambient  (N2,  N2/H2,  and  H2).  Also,  the  generation  of  interface 
states  during  the  avalanche  injection  process  is  briefly  exam¬ 
ined  and  indicates  that  interface  states  are  induced  during 
carrier  injection. 
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3.0  EXPERIMENTAL  PROCEDURE 


3 . 1  Sample  Preparation 

The  silicon  used  for  the  experiments  was  n-type  (100) 
and  (111)  of  resistivity  0.2-0. 3  !5-cm  and  p-type  (100)  and 
(111)  of  resistivity  0. 4-0.7  0-cm.  The  silicon  was  produced 
at  Fairchild  and  was  in  the  form  of  2-inch  (n-type)  and  3-inch 
(p-type)  diameter  wafers,  chem-mechanically  polished  on  one 
side  and  etched  on  the  other  side.  The  samples  were  cleaned 
in  hot  sulfuric  acid,  aqua  regia,  10:1  DI  water : hydrofluoric 
acid,  and  2-propanol  vapor,  with  appropriate  deionized  water 
rinses.  The  wafers  were  then  loaded  into  an  oxidation  furnace 
in  the  appropriate  ambient,  oxidized  for  a  given  time,  and 
then  pulled  from  the  furnace  either  in  the  oxidizing  ambient 
or  in  nitrogen  or  argon.  Pull  rates  varied  from  1-3  seconds 
(fast  pull  "FP")  to  2-10  minutes  (slow  pull  "SP"). 

Dry  oxygen  was  supplied  from  a  liquid  source,  as  were 
nitrogen,  hydrogen,  and  argon.  The  pyrogenic  steam  oxidations 
were  carried  out  by  the  direct  reaction  of  H2  and  02  in  a 
pyrogenic  system.  For  the  HCl/02  oxidations,  HC1  of  99.99% 
purity  was  supplied  from  a  gaseous  bottle  source.  Calibrated 
flowmeters  were  used  to  monitor  and  control  gas  mixtures  in 
the  proper  ratios.  The  oxidation  systems  were  conventional 
hot  wall,  resistance-heated  furnaces  with  quartz  tubes  and 
high  purity  mullite  liners. 

A  high  pressure  oxidation  system  (2,38)  was  used  to  grow 
the  high  pressure  oxides.  The  system  consists  of  a  horizontal 
resistance  heated  quartz  oxidation  tube  enclosed  in  a  stainless 
steel  shell.  Details  of  the  oxidation  cycles  and  pressuriza¬ 
tion  procedure  have  been  described  elsewhere  (38)  .  The  oxide 
thickness  requirement  of  about  800  A  resulted  in  a  limit  on 
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a  maximum  pressure  of  5  atm  during  oxidations  in  pyrogenic 
steam  and  10  atm  during  oxidation  in  dry  0 2>  Oxide  thickness 
was  measured  by  a  Gaertner  model  L116  ellipsometer . 

Following  oxidation,  1  ym  thick  Al-Cu-Si*  films  were 
vacuum  deposited  on  the  oxides  by  cold  flash  (no  substrate 
heating)  in  order  to  avoid  radiation  effects  from  e-beam 
evaporations.  Metal  dots  approximately  750  ym  in  diameter 
were  formed  by  photolithography.  Following  dot  definition 
the  oxide  was  removed  from  the  back  of  the  wafers  and  Al-Cu- 
Si  deposited  on  the  back  in  the  manner  described  above. 


One  half  of  each  wafer  was  annealed  at  400°C  in  either 
nitrogen,  hydrogen/nitrogen  mixtures,  or  in  hydrogen  in  order 
to  determine  the  effects  of  pre-  and  post-metallization  anneal¬ 
ing  in  hydrogen-containing  ambients.  Values  of  fixed  oxide 
charge  density  (Nf)  and  interface  state  density  (Nifc)  for  each 
wafer  were  determined  prior  to  avalanche  charge  injection. 
Wafers  from  each  run  were  sent  to  the  Naval  Research  Laboratory 
for  radiation  exposure  and  evaluation. 

The  detailed  processing  sequence  involved  in  the  fabri¬ 
cation  of  the  samples  other  than  the  oxidation,  anneal,  and 
metallization  steps  will  be  discussed  in  the  appropriate 
section. 

3 . 2  Charge  Injection  and  Measurements 

Charge  injection  was  carried  out  by  driving  the  MOS 
capacitor  structures  into  deep  depletion  by  means  of  a  large 
ac  signal.  The  frequency  of  the  applied  signal  should  be 


*Al-4%  Cu-2%  Si. 
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sufficient  to  prevent  the  formation  of  an  inversion  layer 
while  the  amplitude  is  chosen  such  that  the  field  in  the 
substrate  will  result  in  avalanche  carrier  multiplication. 

The  carriers  generated  by  the  avalanche  process  are  then 
accelerated  by  the  field,  with  the  minority  carriers  moving 
towards  the  Si/SiC>2  interface.  Some  carriers  arriving  at 
the  interface  will  have  sufficient  energy  to  surmount  the 
field  lowered  potential  barrier  at  the  interface.  Most  of 
the  injected  carriers  drift  through  the  SiC>2  and  are  col¬ 
lected  at  the  fieldplate.  However,  a  percentage  of  these 
carriers  are  trapped  in  the  oxide  and  the  details  of  that 
process  are  of  great  interest,  as  pointed  out  previously. 

Figure  3-1  shows  a  schematic  of  the  automated  trapping 
system  used.  The  method  of  injection  is  similar  to  that 
used  successfully  at  IBM  (36,39).  The  measurement  is  car¬ 
ried  out  by  switching  the  samples  between  two  circuits,  a 
capacitance  measuring  circuit  and  an  avalanche  injection 
circuit.  The  MOS  structure  is  first  switched  to  the  C-V 
circuit  and  a  1  MHz  curve  obtained  on  the  virgin  capacitor. 
The  capacitor  is  then  switched  automatically  by  the  calcu¬ 
lator/controller  to  the  injection  circuit  where  an  ac  signal 
of  predetermined  amplitude  and  frequency  is  applied.  The 
current  flow  is  monitored  by  a  Keithley  616  electrometer  and 
the  value  of  current  kept  constant  by  adjusting  the  amplitude 
of  the  ac  signal  every  1/3  second.  All  operations  and  data 
gathering  are  carried  out  by  the  calculator/controller 
through  an  HP-IB  bus.  Flat  band  voltage  changes  resulting 
from  the  avalanche  injection  are  obtained  by  switching  back 
to  the  C-V  circuit  every  70  seconds. 
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3 . 3  Data  Acquisition  and  Reduction 


Prior  to  avalanche  testing,  each  wafer  is  evaluated  in 
terms  of  fixed  oxide  charge  density  (N^)  and  interface  state 
density  (N^)  •  This  information  is  needed  to  verify  that 
proper  processing  techniques  have  been  employed  and  in  order 
to  evaluate  any  possible  relationship  between  and  KL  and 
the  density  of  trapped  charge  resulting  from  avalanche  injec¬ 
tion  or  radiation  exposure. 

The  effect  of  process  parameters  on  the  density  of  fixed 
oxide  charges  and  interface  trapped  charge  has  been  documented 
in  previous  work  (11)  and  the  results  were  used  as  a  further 
check  on  the  validity  and  reproducibility  of  the  measurements 
and  the  fabrication  procedures.  Some  general  guidelines  on 
charge  density  variations  due  to  process  and  material  param¬ 
eters  are: 


(a)  Slow  pull  in  oxygen  results  in  the  highest  level  of 
fixed  oxide  charge. 

(b)  Nitrogen  or  argon  slow  pulls  yield  the  lowest  levels 
of  charges  at  these  temperatures  (longer  ^  or  Ar 
anneal  times  at  900°  and  1000°C  will  reduce  fixed 
oxide  charge  density  further) . 

(c)  The  oxygen  triangle  effect  or  "N^-C^"  triangle 
(8,12,40)  can  be  observed  from  the  oxygen  fast 
pull  data. 

(d)  Both  Nf  and  are  dependent  on  the  orientation  of 

the  silicon  substrate.  The  charge  densities  mea¬ 
sured  on  MOS  structures  fabrication  on  (111)  silicon 
substrates  are  always  greater  than  those  fabricated 
on  (100)  substrates. 
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Once  the  basic  data  about  oxide  charges  (Nf  and  N^t ) 
have  been  gathered  for  each  wafer,  the  avalanche  trapping 
experiments  are  carried  out.  A  typical  output  from  the 
system  (Fig.  3-2)  shows  the  initial  C-V  trace  at  1  MHz,  the 
final  C-V  trace  following  more  than  4000  sec  of  injection 
time  and  the  flat  band  voltage  shift  as  a  function  of  time. 

Comparison  between  processes  is  carried  out  by  recording 
the  flat  band  voltage  shift  following  2000  sec  of  injection 
time  at  the  appropriate  current  density.  This  yields  the  flat 
band  voltage  shift  resulting  from  a  given  charge  flux.  Since 
the  flat  band  voltage  shift  is  directly  related  to  the 
trapped  charge  density,  the  measurement  is  representative 
of  the  amount  of  charge  trapped  for  a  given  charge  flux. 

It  should  be  noted  that  although  flat  band  voltage 
shifts  ( AV  )  are  used  exclusively  in  the  data  reported  here, 

r  d 

interface  state  density  increases  can  result  in  threshold 
voltage  changes  (AV„,U)  that  exceed  the  change  in  the  flat 
band  voltage.  In  some  cases  a  decrease  in  VFB  is  accompanied 
by  an  increase  in  VTH  as  it  would  be  in  the  case  of  simulta¬ 
neous  electron  trapping  and  generation  of  donor-like  interface 
states . 

Other  information  available  from  the  measurement  consists 
of  capture  cross  sections  and  effective  trap  densities.  For 
first-order  rate  processes,  the  trapping-detrapping  of  thermal 
carriers  can  be  expressed  as: 


•II 


OATC  VO&AGE  (volts) 
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Fig.  3-2.  Typical  output  from  the  automated  avalanche 
carrier  injection  and  trapping  system. 
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trapped  charge  density 
total  trap  density 
capture  cross  section 
conduction  band  electron  density 
thermal  velocity 
photon  flux 

photoionization  cross  section 

effective  density  of  states  in  the  conduction  band 
trap  energy  depth  from  the  conduction  band  edge. 


For  cases  where  no  detrapping  is  occurring,  the  trapping 
probability  is  proportional  to  the  number  of  unfilled  traps 
and  the  shift  in  flat  band  voltage  is  given  by 


qN 


AV 


FB 


eff  "°cJt/q 
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where 


AV  =  flat  band  voltage  shift 

r  d 

Cqx  =  oxide  capacitance  per  unit  area 

J  =  current  density 

t  =  injection  time 

q  =  electronic  charge 

N  ce  =  effective  charge  density 


A  plot  of  In  [d/dt  (VpB) ]  versus  injection  time  will 
yield  a  straight  line  in  the  case  of  a  single  trap.  The  slope 
of  this  line  allows  the  computation  of  the  capture  cross  sec¬ 
tion  while  the  intercept  gives  information  about  the  effective 
trap  density.  Although  it  is  possible,  if  the  measurement  is 
carried  out  for  long  times  (or  by  increasing  the  current 
density) ,  to  resolve  more  than  one  trapping  cross  section 
and  trap  density,  the  dominant  trapping  mechanism  has  been 
the  primary  objective  of  this  investigation.  A  typical  plot 

of  In  [d/dt  (V^jJ  ]  versus  time  is  shown  in  Fig.  3-3  and  indi- 

.  B  -15  2 

cates  a  trapping  cross  section  of  3.5  x  10  cm  and  an 

12  2 

effective  trap  density  of  2  x  10  /cm  . 


The  variations  in  the  result  from  capacitor  to  capacitor 
on  the  same  wafer  and  from  wafer  to  wafer  on  the  same  run  were 
minor.  Some  variations  were  noted  from  run  to  run  under 
identical  processing  conditions;  however,  these  variations 
were  substantially  lower  than  the  4:1  ratio  observed  by  Aitken 
and  Young  (36)  between  some  of  their  batches.  These  differ¬ 
ences  have  also  been  reported  by  G.  W.  Hughes  (41)  who  found 
occasional  large  variation  in  radiation  hardness  from  wafer 
to  wafer  as  well  as  from  run  to  run  under  identical  processing 
conditions,  and  by  H.  L.  Hughes  (42)  who  found  correlation 
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Fig.  3-3.  Jin  d/dt  (VFB)  versus  time  for  samples  oxidized  in  dry 
O2  at  1000°C.  The  sample  received  an  in-situ  anneal 
in  nitrogen  for  10  min  and  was  cooled  in  N2.  The 
post-metallization  anneal  treatment  was:  400°C,  10% 
H2  in  N2/  10  min.  Current  density  J  =  4.5  x 10“°  A/cm 


between  silicon  surface  defects  as  revealed  by  Sirtl  etch  and 
radiation  hardness  in  MOS  structures. 

Interface  state  generation  was  observed  for  most  samples 

tested  and  resulted  in  a  stretch-out  of  the  C-V  curves  as  shown 

in  Fig.  3-4.  Quasistatic  C-V  measurements  indicated  interface 

12  2 

state  density  increases  up  to  10  /cm  -eV  at  midgap.  The  exact 
nature  of  the  increase  in  interface  states  is  not  known  at  this 
time  since  the  trapped  charges  at  the  Si/SiC^  interface  could 
by  virtue  of  their  presence  or  nonuniform  distribution  result 
in  an  "apparent"  increase  in  interface  states.  The  deconvolu¬ 
tion  of  the  various  contributions  could  probably  be  best  car¬ 
ried  out  through  annealing  treatments  known  to  affect  only  one 
of  the  two  charges  in  question. 
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4.0  RESULTS  AND  DISCUSSION 
4.1  Trapping  in  Dry  Oxides 

N-  and  p-type  (100)  and  (111)  silicon  wafers  were  oxidized 
in  dry  0£  at  800° ,  900° ,  1000° ,  and  1100°C.  Due  to  the  depen¬ 
dence  of  the  oxidation  rate  on  the  orientation  of  the  silicon 
substrate,  the  different  orientations  were  oxidized  separately 
in  order  to  achieve  the  same  final  oxide  thickness  (about  800 
A) .  Following  oxidation  the  wafers  were  cooled  by  one  of  the 
following  conditions: 

1  —  Wafers  cooled  in  oxygen  by  rapid  pull  from  the  oxida¬ 

tion  furnace  (oxygen  fast  pull  (O^FP) ,  3  sec) . 

2  —  Wafers  cooled  in  oxygen  slowly  (slow  pull  in  oxygen 

(02SP) ,  10  min) . 

3  —  Post-oxidation  in-situ  anneal  in  nitrogen  for  10  min 

followed  by  a  slow  cooling  in  nitrogen  (nitrogen  slow 
pull  (N^SP) ,  2  min) . 

3  —  Post-oxidation  in-sit.u  anneal  in  argon  for  10  min 
followed  by  slow  cooling  in  argon  (argon  slow  pull 
(ArSP) ,  2  min) . 

The  processing  sequences  outlined  above  were  chosen  because 
they  are  representative  of  typical  processing  sequences  used  in 
the  fabrication  of  MOS  integrated  circuits.  The  effect  of 
cooling  ambient  and  rate  on  the  other  oxide  charges  (N^  and 
N^  )  is  well  documented  and  the  potential  for  a  similar  depen¬ 
dence  of  oxide  trapped  charge  (N  )  on  process  parameters  is 
evident . 
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4.1.1  Hole  Trapping  in  SiC^  Grown  in  Dry  C>2 

In  order  to  summarize  and  characterize  the  data  obtained 
on  the  effects  of  process  variations  on  the  trapped  charge 
density,  the  following  parameters  were  always  kept  constant: 

1  —  Oxide  thickness  (800  A) 

-3  2 

2  —  MOS  capacitor  area  (4.5  *  10  cm  ) 

—  8  2 

3  —  Average  current  density  (4.5  *  10  A/cm  ) 

4  —  Signal  frequency  (45  kHz) 

5  —  Prioj.  to  measurement  all  wafers  received  a  10%  H2  in 

N2  post-metallization  anneal  at  400°C  for  20  min. 

The  effect  of  the  anneal  ambient  and  cooling  rate  is 
illustrated  in  Fig.  4-1.  Although  all  samples  are  oxidized 
at  the  same  temperature  in  dry  02  /  the  anneal/cool  procedure 
is  shown  to  affect  the  density  of  charge  trapped  following 
avalanche  injection.  The  least  trapping  is  observed  for 
samples  that  received  no  post-oxidation  in-situ  anneal  and 
that  were  cooled  in  the  oxidizing  ambient  (C>2  FP)  .  Nitrogen 
and  argon  anneals  resulted  in  flat  band  voltage  shifts  at  least 
twice  as  large  as  unannealed  samples.  To  summarize  and  condense 
the  data  further,  the  flat  band  voltage  shift  for  2000  sec  of 
injection  time  will  be  used  to  characterize  the  trapped  charge 
density  for  a  given  injected  hole  flux.  The  results  are 
illustrated  in  Fig.  4-2  and  indicate  that  the  nitrogen  or  argon 
anneal  has  a  notable  detrimental  effect  at  1000°C  and  above. 
Cooling  in  the  oxidizing  ambient  does  not  result  in  a  clear 
temperature  dependence  although  oxidations  below  1000°C  appear 
to  be  advantageous. 
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FLAT  BAND  VOLTAGE  SHIFT,  |AVFB|  (volts) 


R  9 1002 


INJECTION  TIME  (sec) 


Fig.  4-1.  Flat  band  voltage  shift  versus  injection  time  for 

hole  trapping  from  n-type  (111)  silicon  oxidized  in 
dry  C>2  at  1000°C.  Current  density  J  =  4.5  *  10-8  a/ 
cm*  and  PMA  =  400°C/10%  H?  in  N2/IO  min. 


FLAT  BAND  VOLTAGE  SHIFT,  |aVFB|  (volts) 
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Fig.  4-2.  Flat  band  voltage  shift  versus  oxidation  temperature 
for  hole  trapping  by  avalanche  injection  from  n-type 
(111)  substrates.  Samples  were  oxidized  in  dry  02- 
Flat  band  voltage  shifts  are  for  2000  sec  injection 
time.  Current  density  4.5  *  10”8  A/cm^ . 


« 
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The  effects  of  substrate  orientation  on  the  trapping 
results  are  summarized  in  Fig.  4-3.  Flat  band  voltage  shifts 
for  (111)  oriented  substrates  are  shown  as  dashed  lines.  It 
should  be  noted  that,  in  the  case  where  the  injected  carriers 
are  trapped  in  the  bulk  of  the  oxide  layer,  an  orientation 
dependence  is  not  expected.  The  data  of  Fig.  4-3  however  show 
a  clear  orientation  dependence,  particularly  in  the  case  of 
nitrogen  or  argon  annealed  and  cooled  samples.  This  orienta¬ 
tion  dependence  suggests  that: 

1  —  A  possible  link  exists  between  the  oxide  trapped 

charge  N  and  either  N,  or  N.,  or  both  since  these 
^  ot  f  it 

two  charge  densities  have  clear  orientation  depen¬ 
dences  . 

2  —  The  injection  of  carriers  across  the  Si/SiC>2  inter¬ 

face  during  the  avalanche  injection  measurement 
results  in  the  generation  of  interface  states.  This 
interface  state  generation  has  a  rate  that  is  depen¬ 
dent  on  the  nature  of  the  interface  and  therefore 
its  orientation. 

3  —  The  flat  band  voltage  shift  cannot  be  related  to  a 

purely  surface  effect  since  in  that  case  one  would 
expect  a  ratio  of  flat  band  voltage  for  (111)  to 
(100)  orientation  of  about  three  as  is  the  case  with 
fixed  oxide  charge  and  interface  trapped  charge  den¬ 
sities  Nf  and  Nifc.  This  is  clearly  not  the  case,  as 
observed  in  Fig.  4-3, indicating  a  combination  of 
bulk  and  interface  traps. 

It  should  be  noted  that  the  flat  band  voltage  shifts 
measured  contain  contributions  from  both  the  trapped  charge 
and  any  generated  interface  states.  In  either  case,  for  hole 
trapping,  minimum  charge  trapping  is  obtained  when  a  (100) 
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VOLTAGE  SHIFT,  |aVfb|  (volts) 
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OXIDATION  TEMPERATURE,  T  (°C) 


Flat  band  voltage  shift  versus  oxidation  temperature 
for  hole  trapping  by  avalanche  injection  from  n-type 
(100)  and  (111)  substrates.  Same  conditions  as  for 
Fig.  4-2. 


oriented  substrate  is  used.  Comparison  with  the  charge 
trapped  as  a  result  of  radiation  exposure  is  included  in  a 
later  section. 

4.1.2  Electron  Trapping  in  SiC>2  Grown  in  Dry  0^ 

Electron  injection  was  carried  out  from  p-type  (100)  and 

(111)  oriented  substrates  of  0.4-0. 7  fi-cm  resistivity.  The 

same  process  conditions  investigated  for  the  hole  trapping 

experiments  are  used  here  with  the  oxide  thickness,  capacitor 

area,  and  signal  frequency  held  constant.  The  average  current 

-5  2 

density  however  was  increased  to  1.5  *  10  A/cm  due  to  the 
lower  trapping  efficiency  for  electrons.  The  process  dependence 
of  electron  trapping  for  (111)  oriented  substrates  is  shown  in 
Fig.  4-4  and  indicates  the  following: 

(a)  The  electron  trapping  efficiency  as  evidenced  by  the 
average  current  and  change  in  flat  band  voltage  is 
much  lower  than  the  hole  trapping  efficiency  as 
reported  in  the  literature. 

(b)  The  least  amount  of  trapping  occurs  at  higher  oxida¬ 
tion  temperatures  (1100°C) . 

(c)  Variations  in  post-oxidation  anneal  ambients  and 
cooling  rates  have  a  minor  effect  on  the  amount  of 
flat  band  voltage  shift  observed. 

Comparison  between  (100)  and  (111)  oriented  substrates 
however  yielded  some  ambiguous  results  and  possible  inconsis¬ 
tencies.  The  results  are  outlined  in  Fig.  4-5.  With  the 
exception  of  the  ^  SP  results,  an  increase  in  flat  band 
voltage  shift  is  observed  with  increasing  temperature.  This 
effect  is  quite  striking  for  the  oxygen  fast  pull  data.  The 
increased  electron  trapping  observed  is  quite  unexpected  and 
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VOLTAGE  SHIFT,  |aVfb|  (volts) 


Fig.  4-4.  Flat  band  voltage  shift  versus  oxidation  temperature 
for  electron  trapping  by  avalanche  injection  from 
p-type  (111)  substrates.  Samples  were  oxidized  in 
dry  C>2  and  received  a  post-metallization  anneal  at 
400°C  in  a  10%  H2  in  N2  ambient  for  10  min.  Flat 
band  voltage  shifts  are  for  2000  sec  injection  time. 
Current  density  J  =  1.5  *  10“5  A/cm^ . 


Fig.  4-5.  Flat  band  voltage  shift  versus  oxidation  temperature 
for  electron  trapping  by  avalanche  injection  from 
p-type  (100)  and  (111)  substrates.  Same  conditions 
as  Fig.  4-4. 


29 


cannot  be  accounted  for  at  this  time.  A  possible  explanation 
however  might  be  the  extreme  sensitivity  of  electron  trapping 
to  moisture  content.  Since  the  (100)  and  (111)  oriented 
substrates  were  not  oxidized  at  the  same  time,  a  change  in 
the  residual  moisture  content  of  the  oxygen  may  account  for 
the  increased  trapping.  The  post-oxidation  anneal  in  nitrogen 
or  argon  would  reduce  the  effect  as  will  be  discussed  in  the 
section  on  steam  oxidation.  These  results  suggest  that  accurate 
monitoring  of  ambient  residual  moisture  below  1  ppm  may  be 
required  to  completely  eliminate  or  reduce  electron  trapping 
in  oxides  grown  in  dry  C>2.  A  more  detailed  study  of  this 
effect  is  warranted. 

4 . 2  Trapping  in  Pyrogenic  Steam  Oxides 

N-  and  p-type  (100)  and  (111)  silicon  wafers  were  oxidized 
in  pyrogenic  steam  at  900°,  1000°,  and  1100°C.  Substrates  with 
differing  orientations  were  oxidized  separately  in  order  to 
achieve  the  same  final  oxide  thickness.  Following  oxidation 
the  wafers  were  cooled  by  one  of  the  following  conditions: 

1  —  Wafers  were  cooled  in  the  steam  ambient  by  rapid  pull 

from  the  furnace  (H2OP,  <30  sec). 

2  —  Post-oxidation  in-situ  anneal  in  nitrogen  for  10  min 

followed  by  a  slow  cooling  in  nitrogen  (nitrogen, 

slow  pull  (N2SP) ,  2  min) . 

3  —  Post-oxidation  in-situ  anneal  in  argon  for  10  min 

followed  by  a  slow  cooling  in  argon  (ArSP,  2  min) . 

These  processing  sequences  were  chosen  in  order  to  inves¬ 
tigate  the  effect  of  steam  oxidation  on  the  oxide  trapped 
charge  as  well  as  the  possibility  of  removing  the  oxide  traps 
by  annealing  in  a  neutral  ambient  such  as  nitrogen  or  argon. 


4.2.1  Hole  Trapping  in  Steam  Grown  Oxides 

Hole  injection  was  carried  out  from  n-type  (100)  and 

(111)  oriented  silicon  substrates  of  0.2-0. 3  fi-cm  resistivity. 

_8  2 

The  average  current  density  used  was  4.5  x  10  A/cm  ,  the  same 
current  density  used  for  the  dry  C>2  experiments.  The  results 
for  (111)  oriented  substrates  are  summarized  in  Fig.  4-6  and 
indicate  the  following: 

(a)  Oxidations  in  a  steam  ambient  with  a  steam  cool 
result  in  an  increase  in  the  flat  band  voltage  shift 
by  a  factor  of  2  or  more  when  compared  to  oxidation/ 
cool  processing  in  dry  02 . 

(b)  Post-oxidation  in-situ  anneals  in  nitrogen  or  argon 
result  in  substantial  reductions  in  hole  trapping, 

as  evidenced  by  the  smaller  flat  band  voltage  shifts, 
but  only  for  oxidations  at  900°  and  1000°C.  At 
800°C,  results  show  a  substantial  increase  particu¬ 
larly  for  nitrogen  annealed  samples. 

(c)  Comparison  between  (100)  and  (111)  oriented  substrates 
is  shown  in  Fig.  4-7  and  indicates  that  (100)  oriented 
substrates  yield  smaller  trapped  charge  densities  than 
(111)  oriented  substrates  in  agreement  with  the 
finding  for  hole  trapping  in  oxides  grown  in  dry  02- 

(d)  Flat  band  voltage  shifts  measured  for  post-oxidation 
in-situ  anneals  indicate  that  the  anneal  ambient  is 
crucial  to  the  trapped  charge  density.  This  is 
evident  from  the  finding  that  I |  is  approximately 

r  d 

the  same  for  both  dry  02  and  steam  oxides  annealed  in 
N2  or  Ar  for  all  oxidation  temperatures  and  for  both 
substrate  orientations  (Figs.  4-3  and  4-7) . 
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Flat  band  voltage  shift  versus  oxidation  temperature 
for  hole  trapping  by  avalanche  injection  from  n-type 
(100)  and  (111)  substrates.  Same  conditions  as  Fig. 


(e)  Comparison  between  dry  and  steam  oxidized  samples 
indicates  that  the  difference  between  nitrogen  and 
argon  anneals  is  real,  particularly  at  the  higher 
temperatures.  This  is  evident  from  both  Fig.  4-3 
and  Fig.  4-6,  which  show  that  argon  anneals  result 
in  a  smaller  trapped  hole  density.  This  effect  may 
be  due  to  differences  in  the  purity  of  nitrogen  and 
argon  and  again  highlights  the  importance  of  residual 
contaminations  in  the  gases  used. 

In  summary,  the  major  results  in  the  investigation  of  hole 
trapping  for  dry  C>2  and  steam  oxidations  at  1  atm  indicate  that 
(100)  orientations  and  low  temperature,  low  moisture  processing 
are  necessary  for  minimum  hole  trapping  in  thermal  oxide. 

4.2.2  Electron  Trapping  in  Steam  Grown  Oxides 

Electron  injection  was  carried  out  from  p-type  (100)  and 
(111)  oriented  silicon  substrates  0.4-0. 7  0-cm  in  resistivity. 
The  average  current  density  used  as  well  as  other  process  and 
measurement  parameters  remain  the  same  as  in  the  dry  C>2  inves¬ 
tigation.  Characteristic  of  electron  trapping  in  thermal  steam 
grown  oxides  is  the  "N"  shaped  flat  band  voltage  versus  injec¬ 
tion  time  curve.  Following  an  initial  increase  in  flat  band 
voltage  with  injection  time,  a  decrease  is  observed  followed 
by  a  subsequent  increase.  This  is  shown  in  Fig.  4-8  for 
electron  trapping  from  p-type  (111)  silicon  oxidized  in  pyro¬ 
genic  steam  at  900°C.  This  effect  has  been  previously  reported 
in  the  literature  (19)  and  it  has  been  proposed  that  interface 
state  generation  may  be  associated  wi.th  this  behavior.  Figure 
4-9  shows  just  how  the  generation  of ^the  appropriate  type  of 
interface  state  during  the  avalanche  injection  process  can 
lead  to  a  reduction  in  the  flat  band  voltage  shift.  The  H-F 
C-V  curve  shift  to  the  right  from  (T)  to  (T)  indicates  electron 
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trapping,  while  the  quasistatic  measurement  indicates  an 
increase  in  interface  state  density.  From  (T)  to  (T) ,  a 
reduction  in  flat  band  voltage  shift  is  seen  associated  with 
a  further  increase  in  interface  state  density.  The  type  of 
interface  states  generated,  donor-like  for  this  case,  would 
result  in  the  flat  band  voltage  shift  observed.  It  should  be 
noted  that  whereas  the  flat  band  voltage  shift  is  reduced,  the 
threshold  voltage  shift  | AVTH j  continues  to  increase. 

A  summary  outlining  the  process  dependence  of  electron 
trapping  in  steam  grown  oxides  is  shown  in  Fig.  4-10  for  oxides 
grown  on  both  (100)  and  (111)  oriented  substrates.  The  results 
indicate  the-  following  trends: 

.  (a)  Oxidation  in  a  steam  ambient  results  in  a  substantial 

increase  in  the  density  of  trapped  electrons  following 
avalanche  charge  injection  when  compared  to  oxidation 
in  a  dry  O 2  ambient. 

(b)  Post-oxidation  annealing  in  nitrogen  or  argon  is  very 
effective  in  reducing  the  density  of  trapped  electrons 
to  levels  similar  to  those  obtained  in  dry  oxida¬ 
tions.  The  annealing  however  is  only  effective  at 
1000°C  and  above  and  is  least  effective  at  800°C. 

(c)  An  orientation  dependence  can  be  seen  for  the  steam 
cooled  oxides  only.  For  nitrogen  and  argon  annealed 
oxides  the  results  show  no  clear  pattern  of  orienta¬ 
tion  dependence.  This  is  the  same  result  obtained 
for  dry  02  oxides. 

(d)  The  high  levels  of  trapping  following  post-oxidation 
anneal  in  N2  or  Ar  at  800°C  are  worth  noting.  Longer 
anneal  times  at  the  lower  temperatures  may  be  needed 
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to  reduce  trappinq.  Also  of  importance  is  the 
decrease  in  trapping  with  increasing  temperature 
and  with  inert  gas  anneals  at  all  temperatures. 

This  behavior  is  typical  of  fixed  oxide  charge 
both  in  dry  0 2  and  in  steam  oxides.  Some  correla¬ 
tion  seems  to  be  present  between  electron  trapping 
and  the  levels  of  positive  fixed  oxide  charge, 
particularly  in  dry  oxides  or  oxides  annealed  in 
^  or  Ar.  Electron  trapping  could  be  occurring 
both  on  water  related  sites  and  possibly  on  positive 
fixed  charge  sites.  A  more  thorough  examination  of 
the  possible  relationship  between  fixed  oxide  charge 
and  interface  state  densities  and  the  oxide  trapped 
charge  density  for  both  electrons  and  holes  will  be 
presented  in  Section  4.8. 

4.3  Trapping  in  O^/HCl  Grown  Oxides 

N-  and  p-type  (111)  silicon  wafers  were  oxidized  in  a  5% 
HCl/02  ambient  at  1000°C.  All  wafers  received  a  post-oxidation 
in-situ  anneal  in  argon  or  nitrogen.  The  results  can  be  summa¬ 
rized  as  follows: 

(a)  Flat  band  voltage  shifts  exceeding  16  V  (average 

_  o  2 

current  density  4.5  x  10  A/cm  ,  45  kHz,  2000  sec) 
were  recorded,  the  highest  for  hole  trapping  at 
1000 °C  for  both  dry  0 2  and  steam  grown  oxides. 
Differences  between  Ar  and  N2  post-oxidation  anneals 
were  minor.  The  increased  trapping  in  the  samples 
is  clearly  related  to  the  chlorine  presence  in  the 
oxide,  predominantly  at  the  Si/SiC>2  interface  since 
trapping  due  to  water  related  sites,  a  by  product  of 
the  C>2/HC1  reaction,  was  shown  to  be  minimized  fol¬ 
lowing  a  10  min  N2  or  Ar  anneal  at  1000°C.  Even 
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though  the  presence  of  chlorine  at  the  Si/SiC>2  inter¬ 
face  does  not  seem  to  have  a  considerable  effect  on 
fixed  oxide  charge  and  interface  states,  it  could 
act  as  traps  for  holes  injected  from  the  substrate. 

(b)  Electron  trapping  characteristics  differed  substan¬ 
tially  once  more  from  hole  trapping  characteristics. 
Flat  band  voltage  shifts  of  approximately  1  V  were 
observed.  Results  were  similar  to  dry  02  oxides  or 
H^O  oxides  annealed  in  N2  or  Ar. 

From  the  above  results,  oxidation  in  an  ambient  containing 
HC1  can  add  to  the  density  of  trapped  holes  in  the  oxide.  No 
clear  effect  is  noted  for  electron  trapping. 

4 . 4  Trapping  in  Oxides  Grown  at  High  Pressure 

N-  and  p-type  (100)  and  (111)  oriented  silicon  wafers  were 
oxidized  in  dry  C>2  and  in  pyrogenic  steam  in  a  high  pressure 
oxidation  system.  Oxidation  temperatures  investigated  are  800°- 
1000°C  at  10  atm  in  dry  02  and  800°C,  5  atm  in  pyrogenic  steam. 
The  oxidation  in  steam  could  not  be  carried  out  at  a  higher 
pressure  due  to  the  rapid  oxidation  rate  resulting  from  the 
increased  pressure  coupled  with  the  thin  oxide  requirement  (800  A) 


A  typical  high  pressure  oxidation  cycle,  representing  a 
dry  02  oxidation,  is  shown  in  Fig.  4-11.  It  should  be  noted 
that  the  pressurization  time  varied  with  final  oxidation 
pressure  and  that  all  oxidations  are  terminated  with  a  nitrogen 
depressurization  cycle  and  a  subsequent  nitrogen  in-situ  anneal. 
Further  details  on  the  high  pressure  oxidation  procedures,  the 
oxidation  kinetics  and  the  effect  of  pressure  on  fixed  oxide 
charge  and  interface  trapped  charge  densities  have  been  pre¬ 
sented  elsewhere  (38,43). 
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4.4.1  Hole  and  Electron  Trapping  in  Dry  C>2  Oxides 

Flat  band  voltage  shifts  due  to  hole  trapping  in  oxides 
grown  at  1  and  10  atm  at  various  temperatures  are  shown  in 
Fig.  4-12.  Comparison  between  the  high  pressure  and  1  atm 
oxides  (annealed  in  nitrogen  in  situ  following  oxidation) 
indicates  that: 

(a)  The  orientation  effect  observed  for  hole  trapping 

in  oxides  grown  at  1  atm  is  present  in  high  pressure 
grown  oxides. 

(b)  The  density  of  trapped  holes  is  slightly  higher  in 
high  pressure  oxides. 

(c)  The  increase  in  | AVF0 (  observed  at  800°C  (over  that 
at  900°C)  is  also  observed  at  the  higher  pressure 

( 10  atm) . 

Flat  band  voltage  shifts  due  to  electron  trapping  are 
shown  in  Fig.  4-13  for  oxides  grown  at  1  and  10  atm  in  the 
range  of  800°-1100°C.  Results  show  that  no  clear  orientation 
dependence  exists  and  there  is  an  increase  by  a  factor  of 
almost  5  in  the  density  of  trapped  electrons  for  a  higher 
pressure  oxidation  cycle.  This  increase  may  be  a  direct 
result  of  the  difficulty  in  controlling  residual  moisture 
in  a  high  pressure  oxidation  system  as  well  as  the  previously 
mentioned  sensitivity  of  electrons  trapping  due  to  ambient 
moisture  content. 
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Fig.  4-13.  Flat  band  voltage  shift  versus  oxidation  temperature 
for  electron  trapping  by  avalanche  injection  from 
p-type  (100)  and  (111)  silicon  substrates  oxidized 
_  in  dry  O2  at  1  and  10  atm. 


4.4.2  Hole  and  Electron  Trapping  in  Steam  Grown  Oxides 

Experiments  to  investigate  the  effect  of  oxidation  pressure 
on  the  oxide  trapped  charge  density  N  were  confined  to  the 
lowest  temperature  (800°C)  and  5  atm.  N-  and  p-type  (100)  and 
(111)  oriented  silicon  wafers  were  used  in  order  to  measure 
both  electron  and  hole  trapping.  The  results  are  summarized  as 
follows : 

(a)  Hole  trapping  measurements  resulted  in  flat  band 

voltage  shift  of  12.5  V  following  2000  sec  of  injec- 

__  8  2 

tion  time  at  4.4  x  10  A/cm  .  This  compares  with 
15  V  for  oxidation  at  1  atm,  800°C  and  indicates  no 
substantial  increase  in  hole  trapping  due  to  the 
increased  oxidation  pressure. 

(b)  Electron  trapping  results  are  similar  and  indicate 

no  substantial  effect  due  to  the  oxidation  pressure. 

Figure  4-14  shows  the  results  at  both  1  and  5  atm  for 

p-type  (111)  tested  at  an  average  avalanche  injection 

-5  2 

current  of  1.5  x  10  A/cm  .  It  should  be  noted  that 
the  characteristic  shape  indicative  of  steam  oxidation 
is  observed  for  both  samples  although  they  both 
received  a  post-oxidation  in-situ  anneal  in  nitrogen. 
An  increase  in  anneal  time  may  be  required  to  reduce 
the  trapped  charge  density. 
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4 . 5  Hole  and  Electron  Trapping  in  Poly-Si/SiO^/Si  Structures 

Most  fabrication  procedures  for  MOS  integrated  circuits, 
particularly  the  more  advanced  VLSI  circuits,  include  one  or 
more  polycrystalline  silicon  layers  as  interconnect  or  as  a 
gate  in  an  MOS  capacitor  or  transistor  structure.  The  possible 
effects  resulting  from  the  polysilicon  deposition  on  charge 
trapping  in  the  underlying  oxide  is  a  matter  of  considerable 
importance.  Also  critical  is  the  degree  to  which  the  charge 
trapping  in  the  oxide  is  dependent  on  the  oxidation  condition 
and  the  possible  modification  of  this  dependence  by  the  poly¬ 
silicon  deposition  step. 

In  some  instances,  such  as  the  case  shown  in  Fig.  4-15 
for  hole  trapping,  the  deposition  of  poly-Si  over  thermally 
grown  SiC>2  (dry  C>2 ,  ArSP)  is  seen  as  resulting  in  increased 
flat  band  voltage  shift  but  retaining  the  general  trend  of 
greater  |  j  for  higher  temperature  characteristics  of  argon 
post-oxidation  in-situ  anneals.  This  however  was  not  typical 
of  the  remaining  process  conditions.  Plots  of  flat  band 
voltage  shifts  obtained  for  poly-Si  fieldplates  versus  the 
shifts  obtained  when  using  aluminum  fieldplates  are  shown  in 
Fig.  4-16.  Generally  higher  values  of  | AVp0 |  are  obtained  for 
poly-Si  fieldplates.  This  effect  may  be  caused  by  exposure  to 
hydrogen  during  the  polysilicon  deposition  process.  Such  an 
exposure  even  at  low  temperature  appears  to  result  in  increased 
hole  trapping,  as  will  be  discussed  in  Section  4.7. 

For  electron  trapping  the  results  are  quite  different, 
as  shown  in  Fig.  4-17.  In  this  case,  lower  values  of  flat 
band  voltage  shifts  are  recorded  for  poly-Si  than  for  aluminum 
fieldplates.  The  exposure  to  hydrogen  would  perhaps  indicate 
a  decrease  in  electron  trapping  sites.  This  result  is  in 
general  agreement  with  that  of  the  next  section,  which  shows 
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Fig.  4-15.  Flat  band  voltage  shift  versus  oxidation  time  for 
Al  and  poly-Si  gated  MOS  structures.  Wafers  were 
oxidized  in  dry  O2  and  annealed  cooled  in  Ar  (ArSP) . 
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Fig.  4-16.  Flat  band  voltage  shift  due  to  avalanche  hole 
trapping  for  poly-Si  gated  structures  versus 
Al  gated  structures. 
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that  at  lower  temperatures,  exposure  to  hydrogen  does  not 
result  in  an  increase  in  electron  trapping. 

In  summary,  avalanche  charge  injection  results  using 
polysilicon  fieldplates  indicate  increased  hole  trapping  and 
comparable  or  lower  electron  trapping  when  compared  to 
aluminum  fieldplate  structures.  This  result  is  attributed  to 
the  process  sequence  used  during  the  polysilicon  deposition 
cycle  and  is  probably  related  to  the  particular  ambient, 
temperature,  time,  and  other  parameters  associated  with  the 
deposition  process.  A  more  careful  examination  of  the  varia¬ 
tion  of  ihese  parameters  and  their  effect  on  charge  trapping 
is  recommended. 

4 . 6  Effect  of  Low  Temperature  Hydrogen  Anneal  on  Charge 

Trapping 


The  processing  of  MOS  integrated  circuits,  either  with 
metal  or  polycrystalline  silicon  gates,  requires  a  low  temp¬ 
erature  hydrogen/nitrogen  annealing  step  primarily  to  reduce 
the  interface  trapped  charge  density  which  can  be  detrimental 
to  MOS  transistor  operation.  The  effect  of  ambient  composition 
during  the  anneal  has  been  a  matter  of  debate  as  has  been  the 
role  of  hydrogen  in  enhancing  charge  trapping.  The  experiments 
carried  out  here  covered  three  major  processing  sequences: 

1  —  Pre-metallization  100%  hydrogen  anneal  at  400°C  with 

no  post-metallization  heat  treatment. 

2  —  No  pre-metallization  hydrogen  treatment.  Only  post¬ 

metallization  anneal  in  100%  nitrogen  ambient  at  400°C. 
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3  —  Same  as  (2)  but  post-metallization  anneal  carried  out  with 
forming  gas  (10%  ^  in  also  at  400°C. 

4.6.1  Comparison  between  Post-metallization  Anneals 

The  effect  of  the  incorporation  of  10%  hydrogen  in  the 
post-metallization  anneal  ambient  at  400°C  was  found  to  have 
no  effect  on  the  density  of  trapped  holes  or  electrons  follow¬ 
ing  avalanche  injection.  This  result  is  somewhat  unexpected 
in  view  of  results  published  in  the  literature  which  indicate 
a  detrimental  effect  due  to  exposure  to  hydrogen.  In  this 
case,  however,  since  the  annealing  is  thought  to  occur  due  to 
the  creation  of  active  hydrogen  by  the  interaction  between  the 
Al  fieldplate  and  moisture  resulting  in  the  system,  and  this 
reaction  can  occur  in  a  100%  nitrogen  ambient,  the  addition  of 
10%  hydrogen  has  no  effect  on  the  annealing  of  interface  traps, 
and  from  our  results  here  has  no  effect  on  the  trapping  proper¬ 
ties  of  the  film. 

Figure  4-18  shows  a  representative  plot  of  flat  band 
voltage  shifts  due  to  hole  trapping  obtained  for  samples 
processed  simultaneously  with  only  the  post-metallization 
anneal  being  different.  The  results  indicate  clearly  that 
the  variations  are  within  experimental  errors  and  that  there 
is  no  difference  between  the  two  annealing  procedures. 

4.6.2  Comparison  between  Pre-  and  Post-metallization  Anneals 

The  role  of  hydrogen  is  further  examined  by  comparing 
samples  that  received  a  pre-metallization  100%  hydrogen  anneal 
with  those  receiving  the  post-metallization  anneal.  The 
interest  in  annealing  the  structures  without  fieldplates  in 
100%  hydrogen  stems  from  the  fact  that  most  IC  devices  no 
longer  have  metal  fieldplates  and  that  exposure  to  a  more 
concentrated  hydrogen  ambient  for  longer  time  periods  is  often 
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Fig.  4-18.  Effect  of  post-metallization  anneal  on  flat  band 
voltage  shift. 


necessary  to  reduce  the  density  of  interface  states  or  traps. 
Typical  results  for  hole  and  electron  trapping  are  shown  in 
Figs.  4.19  and  4.20  respectively. 


In  the  case  of  hole  trapping,  it  is  quite  clear  that  a 
pre-metallization  anneal  in  hydrogen  results  in  increased  hole 
trapping  for  both  (100)  and  (111)  substrates,  and  for  dry  and 
steam  oxidation,  at  atmospheric  and  higher  pressures.  Surpris¬ 
ingly,  for  electron  trapping  the  difference  appears  much  smaller 
and  only  at  higher  flat  band  voltage  shifts  does  it  clearly 
appear  that  the  pre-metallization  anneal  results  in  increased 
electron  trapping. 

In  summary,  low  temperature  hydrogen  treatments  appear  to 
have  a  significant  effect  on  hole  trapping  only  when  the  oxide 
is  exposed  to  a  100%  hydrogen  ambient  without  a  metal  fieldplate. 
In  all  other  cases  investigated  the  effect  is  small  or  negligible 

4 . 7  Trapping  in  Oxides  Exposed  to  Process  Related  Radiation 

Several  processing  steps  used  in  the  fabrication  of 
advanced  integrated  circuits  require  the  sample  to  be  exposed 
to  radiation  such  as  electron  beams,  x-rays,  laser  beams,  and 
others.  A  summary  of  some  of  these  processes  is  shown  in 
Fig.  2-2.  In  this  section  we  present  results  obtained  in  the 
investigation  of  the  following  processes: 

(a)  Exposure  to  an  electron  beam  during  lithography  for 
the  purpose  of  forming  small-scale  device  structures 

(b)  Exposure  to  an  electron  beam  following  an  ion  implan 
tation  for  the  purpose  of  annealing  the  implant 
damage  and  activating  the  dopant. 
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Fig.  4-19.  Flat  band  voltage  shift  due  to  hole  trapping  for 
pre-metallization  annealed  samples  versus  post¬ 
metallization  annealed. 
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Fig.  4-20.  Flat  band  voltage  shift  due  to  electron  trapping 
for  pre-metallization  annealed  samples  versus 
post-metallization  annealed. 


(c)  Exposure  to  a  laser  beam  for  the  same  purpose  out¬ 
lined  in  (b) . 

(d)  Exposure  to  radiation  during  ion  implantation.  This 
process  is  commonly  used  in  most  advanced  VLSI  cir¬ 
cuits  and  the  effect  of  implantation  on  the  oxide 
charges  and  traps  is  quite  important. 

-  4  2 

4.7.1  Exposure  to  Electron  Beam  (Lithography  Dose  =  10  C/cm  ) 

N-  and  p-type  (100)  silicon  wafers  of  resistivity  0.2-0. 3 
and  0.4-0. 7  :;-cm  respectively  were  used  to  investigate  the 
effects  of  electron  beam  exposure  on  fixed  oxide  charge  (N^) , 
interface  trapped  charge  (N^) /  and  oxide  trapped  charge  (N  ) . 
All  electron  beam  exposures  were  carried  out  by  Dr.  R.  Fabian 
Pease  at  Stanford  University.  The  process  and  measurement 
sequence  is  outlined  below: 

1  —  Wafers  were  oxidized  in  dry  O 2  or  steam  at  1000°C 

and  received  a  post-oxi Jation  in-situ  anneal  in 
argon  for  10  min.  The  oxidation  was  followed  by  a 
cool  in  argon  (ArSP)  for  dry  0 2  oxidation  and  no 
anneal  for  steam  oxidation  (H2OP) . 

2  -  Metal  was  cold  flash  evaporated  and  750  urn  dots 

formed  by  conventional  photolithography. 

3  —  The  wafers  were  annealed  at  400°C  in  forming  gas 

(10%  H 2  in  N2 )  for  20  min. 

-4  2 

4  —  Parts  of  each  wafer  were  irradiated  with  a  10  C/cm 

electron  beam.  One  half  ot  each  wafer  was  shielded 
from  the  electron  beam  with  a  dummy  silicon  wafer. 

The  remainder  of  each  wafer  was  exposed  to  scattered 
electrons,  as  shown  in  Fig.  4-21(a). 
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Fig.  4-21 (a).  E-beam  exposure  on  test  wafers  was  carried 
out  according  to  the  above  pattern. 


C/C0 


VOLTAGE  (volts) 


Fig.  4-22 (b).  High  frequency  and  quasistatic  C-V  curves 
for  MOS  structures  on  p-type  (100)  silicon 
The  capacitors  were  exposed  to  electron 
irradiation  following  a  post-metallization 
anneal . 


5  —  Wafers  were  annealed  either  at  400°C  or  500°C  in 

forming  gas  for  20  min. 

6  —  Electrical  measurements  were  performed  in  order  to 

measure  effective  fixed  oxide  charge  (N ^ ) ,  interface 

trapped  charge  (N.  ),  and  oxide  trapped  charge  (N  ) 

1- 1  Ou 

densities  at  the  various  locations  on  the  wafer. 

Following  wafer  irradiation  (step  4)  and  prior  to  wafer 
anneal  (step  5) ,  the  high  frequency  and  quasistatic  C-V  curves 
were  measured  and  the  results  shown  in  Fig.  4-21(b).  Areas 
directly  exposed  to  the  electron  beam  or  to  scattered  electrons 
showed  shifts  in  both  V^B  and  indicating  hole  trapping  and 

generation  of  interface  states.  This  is  expected  from  any 
radiation  exposure.  The  annealing  performed  in  step  5  was 
carried  out  to  investigate  whether  N^,  N^,  and  N  could  be 
annealed  out  either  at  400°C  or  500°C.  Of  considerable 
importance  is  the  possible  generation  of  neutral  traps  which 
would  not  respond  to  the  anneal  cycle.  These  neutral  traps 
can  only  be  observed  with  post-anneal  carrier  trapping  measure¬ 
ments  . 

A  summary  of  the  results  obtained  is  shown  in  Figs.  4-22 
through  4-26.  Effective  fixed  oxide  charge  densities  for  both 
n-  and  p-type  wafers  are  shown  in  Fig.  4-22  for  all  three 
regions  of  each  wafer.  Data  indicate  minimum  contribution  to 
fixed  oxide  charge  resulting  from  the  electron  beam  exposure. 
Most  of  the  variations  noted  are  a  result  of  pre-  and  post¬ 
electron  beam  processing  and  are  essentially  uniform  throughout 
the  whole  wafer. 

Figure  4-23  summarizes  the  interface  trapped  charge  data 
in  a  similar  manner.  No  evidence  of  residual  interface  traps 
specifically  associated  with  the  electron  beam  exposure  can  be 
detected. 
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EFFECTIVE  FIXED  OXIDE  CHARGE  DENSITY 
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Effective  fixed  oxide  charge  density  for  MOS  capacitor 
structures  exposed  to  an  electron  beam  (10^  C/cm2  @ 

20  kV) .  Both  p-  and  n-type  wafers  were  used  and  three 
areas  on  each  wafer  evaluated:  (a)  exposed  to  10^  C/ 
cm2  electron  beam;  (b)  exposed  to  scattered  electrons 
only;  (c)  covered  during  exposure. 


UNEXPOSED  SCATTERED  104C/cm2 
ELECTRONS  EXPOSED 
EXPOSED 


Fig.  4-23.  Interface  trapped  charge  density  at  midgap  for  the 
same  MOS  structures  of  Fig.  4-22. 
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VOLTAGE  SHIFT,  |aVfb|  (volts) 


1000  2000  3000  4000  5000 
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Flat  band  voltage  shift  versus  hole  injection  time 
at  an  average  current  of  4,4  x  10~8  A/cm^ .  The 
wafers  were  oxidized  in  dry  O2  and  annealed/cooled 
in  argon  at  1000°C.  Following  E-beam  exposure  10^ 
C/cm^)  wafers  were  annealed  in  10%  H2  in  N2  for 

20  min  at  400°C  or  500°C.  COV  =  Covered  —  no  E-beam 
exposure;  SC  =  Exposure  to  scattered  E-beam;  EB  = 
E-beam  direct  exposure. 


VOLTAGE 


INJECTION  TIME,  tjnj  (sec) 


Fig.  4-26.  Flat  band  voltage  shift  versus  electron  injection 
time  at  an  average  current  of  1.5  *  10“5  A/cm^ . 
wafers  were  oxidized  in  pyrogenic  steam  at  1000° 
and  cooled  in  the  oxidizing  ambient.  Other  pro¬ 
cessing  parameters  are  the  same  as  Fig.  4-24. 


Eh  U 


Figures  4-24  to  4-26  represent  flat  band  voltage  shifts 
due  to  avalanche  charge  injection  of  holes  and  electrons.  The 
amount  of  shift  is  related  to  both  the  densities  and  cross 
sections  of  the  traps.  The  data  indicate  an  increase  of  up  to 
100%  in  the  flat  band  voltage  shift  resulting  from  the  electron 
beam  exposure.  It  should  be  noted  though  that  the  percentage 
increase  is  related  to  the  processing  history  of  the  sample  and 
the  nature  of  the  traps  (holes  or  electron  traps) .  In  Fig. 

4-26  the  N-shaped  curve  typical  of  electron  trapping  in  steam 
grown  oxides  is  evident  and  the  electron  beam  exposure  effect 
is  also  clear.  The  results  of  Figs.  4-24  to  4-26  coupled  with 
results  from  Figs.  4-21  and  4-23  indicate  that  electron  beam 
exposure  will  result  in  neutral  trap  formation.  Some  of  these 
traps  are  unannealable  at  400-500°C  and  could  result  in  device 
degradation  in  cases  of  hot  electron  injection  and  ionizing 
radiation  exposure.  The  traps  are,  however,  process  dependent, 
as  was  shown  in  previous  sections,  and  their  effect  can  be 
minimized  by  proper  processing  prior  to  as  well  as  subsequent 
to  electron  beam  exposure. 

4.7.2  Exposure  to  Electron  Beam  (Damage  Anneal  Dose 
0.39-3.1  x  10"2  C/cm2) 

In  recent  years,  laser  and  electron  beams,  both  pulsed 
(44-46)  and  cw  (47-50),  have  been  used  to  anneal  ion  implant 
damage  in  silicon.  Furthermore,  specific  devices  such  as 
diodes,  bipolar  transistors  and  MOSFETs  have  been  fabricated 
using  these  techniques  in  place  of  a  conventional  furnace 
anneal . 

The  energy  transfer  achieved  by  scanning  cw  laser  or 
electron  beams  results  in  localized  heating  of  the  implanted 
area  which  when  coupled  with  the  small  exposure  time  can 
result  in  nearly  total  dopant  activation  and  lattice  damage 
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anneal  with  practically  no  dopant  redistribution  (49,51). 
Electron  beam  annealing  offers  the  advantage  of  being  free 
of  the  optical  interference  resulting  from  varying  oxide 
thicknesses  which  make  laser  annealing  dependent  on  surface 
conditions.  In  some  cases,  this  dependence  on  surface  condi¬ 
tions  can  be  used  advantageously  to  achieve  selective  annealing. 

A  major  concern  that  arises  when  considering  the  use  of 
electron  beam  annealing  in  MOS  device  fabrication  is  the  damage 
to  thin  gate  oxides  which  might  cause  undesired  device  instabil¬ 
ities.  Kamins  and  Rose  (46)  have  noted  distorted  and  shifted 
high  frequency  C-V  curves  after  pulsed  electron  beam  annealing. 
These  curves  returned  to  their  pre-exposure  form  following  a 
standard  low  temperature  hydrogen  anneal.  This  is  the  same  as 
the  behavior  reported  in  Section  4.8.1  and  in  Figs.  4-22  and 
4-23.  The  generation  of  neutral  traps  which  are  unannealable 
is  observable  by  means  of  avalanche  charge  injection  or  any 
similar  technique  for  charge  generation  and  trapping.  The 
effect  observed  in  Section  4.8.1  suggests  that  electron  beam 
exposure  at  the  higher  doses  investigated  here  will  undoubtedly 
result  in  increased  trapping  of  both  electrons  and  holes. 

Oxides  were  grown  800  A  thick  in  dry  02  at  1000°C  on  n- 
and  p-type  (111)  silicon  substrates  of  resistivity  0.2-0. 3  and 
0. 4-0.7  fi-cm  respectively. 

Oxides  were  then  exposed  to  a  scanned  electron  beam  at 

Varian  Associates  Inc.  by  Drs.  R.  T.  Fulks,  R.  A.  Powell,  and 

T.  O.  Yep  in  a  system  which  has  recently  been  described  (52) . 

This  system  uses  a  large-area  scanned  e-beam  and  operates  in 

the  isothermal  dwell  mode  where  dwell  times  are  5-10  sec  and 

the  entire  bulk  wafer  is  heated.  No  substrate  heating  is 

-5 

required  and  anneals  are  done  in  vacuo  (^10  torr) .  A  constant 
power  of  5  kV,  50  mA  was  applied  to  a  12.5  x  50  mm  area  by 
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defocusing  the  6  mm  diameter  incident  beam  and  scanning  in  one 
direction  at  a  frequency  of  25  Hz.  Exposure  time  was  changed 
by  moving  the  sample  at  different  speeds  under  the  slit  of 

-2 

electrons  and  the  fluence  was  varied  from  0.39  to  3.10  x  10 
2 

C/cm  .  The  higher  fluences  are  typical  of  those  used  for 
isothermal  annealing  of  ion  implant  damage.  It  is  noted  that 
the  incident  electron  charge  densities  used  in  this  experiment 

are  somewhat  higher  than  those  used  for  pulsed  e-beam  annealing 

-  4  2  2 

(1  x  io  C/cm  for  a  20  keV,  100  nsec,  2  J/cm  pulse)  but 

comparable  to  cw  scanned  systems  which  focus  to  small  spots 

(^50  urn)  and  use  short  dwell  times  (^3  msec) .  These  exposures 

are  also  two  or  three  orders  of  magnitude  higher  than  those 

used  for  e-beam  lithography. 


Oxide  charge  measurements  were  carried  out  on  MOS 
capacitor  structures  formed  on  n-type  (111)  silicon  substrates 
and  exposed  to  various  scanning  electron  beam  fluences. 

Results  shown  here  have  also  appeared  in  a  separate  publica¬ 
tion  (53).  Effective  oxide  charge  density  Neff,  which  is 
shown  in  Fig.  4-27,  contains  contributions  of  both  interface 
traps  (N^t)  and  oxide  trapped  charge  (Not)  as  well  as  fixed 
oxide  charge  (Nf)  as  a  function  of  electron  beam  fluence  in 
the  range  of  0.39  to  3.10  x  10  C/cm  .  One  half  of  each 
wafer  was  used  as  a  control  to  ensure  the  validity  of  the 
results.  Following  a  15  minute  anneal  in  forming  gas  (10%  H2 
in  N^)  at  400°C,  the  effective  oxide  charge  density  is  seen 
increasing  steadily  with  electron  beam  fluence.  An  additional 
30  min  anneal  in  forming  gas  results  in  a  decreased  charge 
density  in  both  the  electron  beam  and  the  control  wafers, 
primarily  reflecting  a  decrease  in  interface  traps  due  to  the 
longer  hydrogen  anneal.  The  oxide  charge  resulting  from  the 
beam  exposure  is  still  not  reduced  to  the  control  level  and 
is  clearly  unannealable  at  400°C.  A  third  annealing  treatment 
at  500°C  yielded  a  similar  result,  although  higher  densities  of 
charges  were  obtained  due  to  the  higher  anneal  temperature. 
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Fig.  4-27.  Effective  oxide  charge  density  versus  electron 

beam  fluence.  Following  exposure  the  wafers  were 
annealed  for  15  and  45  min  in  forming  gas  at  400°C 
(•A  controls;  oa  irradiated) . 


Figure  4-28  illustrates  the  variations  in  interface 
trapped  charge  density  at  midgap  as  obtained  from  quasi¬ 
static  C-V  measurement.  Data  following  a  45  min  anneal  at 
400°C  only  are  shown  for  clarity.  Interface  trapped  charge 
density  for  e-beam  irradiated  oxides  was  not  reduced  to  the 
control  level  following  anneal  in  forming  gas.  However,  these 
levels  of  interface  charge  density  are  considered  acceptable 
for  VLSI  device  fabrication.  For  forming  gas  anneals  carried 
out  at  higher  temperatures  (500°C) ,  increases  for  both 

the  control  and  the  irradiated  wafers. 

Avalanche  charge  injection  measurements  were  carried  out 
to  determine  the  amount  of  charge  trapping  in  the  electron 
beam  irradiated  oxides.  The  measurement  would  also  determine 
whether  irreversible  damage  occurred  through  the  generation  of 
trapping  centers  that  are  not  annealable  at  400-500°C  in  forming 
gas. 

In  the  case  of  electron  trapping,  unexposed  areas  yielded 
flat  band  voltage  shifts  of  less  than  1  V  following  2000  sec  of 
injection  time  at  1.5  *  10  A/cm  .  This  is  in  agreement  with 
the  results  of  Section  4.1.2  and  Fig.  4-4.  Following  exposure 
to  the  scanning  electron  beam  flat  band  voltage  shifts  of  9-24  V, 
depending  on  dose,  were  measured.  However,  a  clear  dose  depen¬ 
dence  could  not  be  ascertained  in  the  dose  range  tested,  0.39  to 
3.1  x  10-2  C/cm2. 

Hole  trapping  measurements  on  unexposed  control  wafers 

yielded  flat  band  voltage  shifts  of  about  8  V  at  2000  sec  and 
-5  2 

4.4  x  io  A/cm  .  This  result  is  in  agreement  with  previously 
obtained  data  in  Section  4.1.1  and  Fig.  4-2.  Following 
electron  beam  exposure,  the  flat  band  voltage  shift  doubled  to 
16  V. 
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Fig.  4-28.  Interface  trapped  charge  density  versus  electron 
beam  fluence  for  n-type  (111)  silicon  structures 
annealed  following  exposure  and  metallization  in 
forming  gas  at  400°C  for  45  min. 
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Figure  4-29  shows  flat  band  voltage  shift  versus  injec¬ 
tion  time  for  both  electron  beam  exposed  and  control  wafers. 

The  figure  illustrates  the  substantial  increase  in  effective 
trap  density,  particularly  in  the  case  of  electron  traps,  due 
to  the  electron  beam. 

Both  electron  and  hole  trapping  results  indicate  that 
potentially  serious  problems  may  arise  if  scanned  cw  electron 
beams  are  employed  for  the  anneal  of  ion  implantation  damage 
and  electrical  activation  of  the  implanted  dopants.  The  oxide 
trap  generation  is  most  likely  the  result  of  bond  disruption 
near  the  oxide-silicon  interface  or  in  the  oxide  bulk  caused 
by  collisions  with  the  incident  5  kV  electrons  and  lower  energy 
secondary  electrons,  or  by  x-rays  generated  near  the  silicon 
interface.  One  possible  alternative  annealing  approach  would 
involve  the  use  of  scanning  electron  beams  from  the  backside 
of  the  wafers.  Because  a  5  kV  electron  beam  penetration  and 
associated  x-ray  generation  and  absorption  in  silicon  is 
limited  to  depth  of  less  than  5  ym,  this  method  should  not 
produce  significant  charge  trapping  in  the  topside  oxide. 
Measurements  carried  out  on  wafers  exposed  to  electron  beams 
through  the  backside  did  not  show  a  meaningful  increase  in 
flat  band  voltage  for  either  hole  or  electron  avalanche  injec¬ 
tion. 

4.7.3  Exposure  to  Laser  Beam 

Laser  exposure  was  performed  at  Fairchild  research  and 
development  laboratories  by  Dr.  M.  Delfino,  with  the  cw 
multiline  output  (weighted  wavelength  average  of  0.496  iim) 
of  an  Ar-icn  laser.  The  beam  was  focused  onto  the  sample 
with  a  100  mm  focal  length  achromatic  lens  to  a  spot  size 
of  about  35  urn.  The  sample  was  held  by  a  copper  vacuum  chuck 
mounted  on  a  computer-controlled  x-y  translation  stage. 


FLAT  BAND  VOLTAGE  SHIFT,  | AVfb|  (volts) 


Fig.  4-29.  Flat  band  voltage  shift  versus  injection  time  for 
MOS  structures  on  n-  and  p-type  (Ill)  silicon. 

The  structures  were  exposed  to  an  electron  beam 
fluence  of  3.1  *  10"2  c/cm^  prior  to  metallization 
and  anneal  in  forming  gas.  Control  wafers  were 
processed  simultaneously  but  were  not  exposed  to 
the  electron  beam. 
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Raster  scanning  was  accomplished  by  moving  in  the  x-direction 
at  2.0  cm  sec  1  and  stepping  in  the  y-direction  by  20  pm. 

Under  these  conditions,  the  incident  power  density  was  0.82  MW 
cm  ,  and  the  calculated  antiref lective  effect  of  the  800  A 
thick  oxide  was  8%. 

Refractive  index  measurements  of  the  oxide,  before  and 
after  anneal,  did  not  reveal  any  change  in  n  to  ±0.0005  indi¬ 
cating  that  the  integrity  of  the  oxide  was  not  affected. 

The  oxides  exposed  to  scanned  cw  laser  beam  anneal  showed 

minimum  increases  in  oxide  charge  densities.  Residual  fixed 

oxide  charge  and  interface  trapped  charge  densities  following 

11  2 

a  post-irradiation  anneal  were  less  than  3  x  10  /cm  and 
10  2 

3  x  io  /cm  -eV  (at  midgap),  respectively.  Electron  and  hole 
trapping  by  avalanche  injection  at  charge  fluxes  identical  in 
all  parts  of  this  investigation,  resulted  in  minimal  increases 
in  flat  band  voltage  shift  thereby  indicating  that  laser  beam 
exposure  does  not  generate  additional  trapping  sites. 

4.7.4  Exposure  to  Ion  Implantation 

Ion  implantation  through  thermally  grown  SiC>2  films  on 
silicon  substrates  is  known  to  cause  damage  to  the  thermal 
Si02  film.  This  damage  can  result,  even  following  a  thermal 
anneal,  in  increased  carrier  trapping  in  the  oxide.  In  this 
section,  however,  we  investigate  implantation  into  the  bare 
silicon  wafer  and  subsequent  oxidation  at  various  temperatures. 
The  goal  is  to  determine  whether  damage  in  the  silicon  sub¬ 
strate  itself  will  result  in  increased  carrier  trapping  in  a 
subsequently  grown  oxide. 
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N-type  (100)  and  (111)  silicon  wafers  were  used  for  this 

experiment.  Following  a  phosphorus  implant  at  200  keV  with  a 
13  2 

dose  of  10  /cm  ,  the  wafers  were  oxidized  along  with  the 
control  samples  at  800° ,  900° ,  1000°,  and  1100°C.  Oxide  growth 
was  kept  at  500  A  instead  of  the  standard  800  A  used  in  most  of 
this  report.  This  is  to  compare  more  directly  with  the  thinner 
oxide  films  presently  in  use  in  integrated  circuit  fabrication 
and  to  maximize  any  effects  caused  by  the  implantation  by 
reducing  the  oxidation  time  and  the  time  for  damage  anneal. 

Results  are  summarized  in  Fig.  4-30  and  indicate  that  at 
all  temperatures  and  for  both  orientations,  ion  implantation 
has  led  to  increased  hole  trapping.  The  orientation  effect  is 
again  consistent  with  previous  results.  The  flat  band  voltage 
shifts  obtained  are  smaller  than  for  similar  processed  samples 
in  Figs.  4-2  and  4-3  due  to  the  thinner  oxide  used.  This  oxide 
thickness  dependence  is  in  agreement  with  many  reports  in  the 
literature  (37,54,55). 

The  ion  implantation  effect  observed  in  Fig.  4-30  is 
somewhat  unexpected,  particularly  at  the  higher  oxidation 
temperatures  where  implantation  damage  is  expected  to  be 
annealed  out  rapidly.  These  results  imply  a  greater  sensi¬ 
tivity  to  the  ion  implantation  than  previously  suspected  and 
further  work  is  needed  to  better  understand  this  effect. 

4 . 8  Relationship  between  N  and  Other  Oxide  Charges 

The  process  dependence  of  N  outlined  in  the  various 
preceding  sections  such  as  the  temperature  dependence,  anneal 
ambient  dependence,  and  orientation  dependence  lead  to  the 
interesting  question  of  a  possible  relationship  between  N 
and  the  other  oxide  charges,  primarily  and  It  is 

well  known  that  both  Nf  and  are  process  dependent  and 
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Fig.  4-30.  Effect  of  phosphorus  ion  implantation  on  hole 
trappinc  in  500  A  thermal  oxides. 


often  in  the  same  fashion.  The  possible  relationship  between 
pre-avalanche  charge  densities  (Nf  and  and  the  post¬ 

avalanche  injection  flat  band  voltage  (or  N  )  is  the  subject 
of  this  section. 

Flat  band  voltage  shifts  due  to  electron  and  hole  trapping 
are  shown  in  Figs.  4-31  and  4-32  for  the  case  of  oxidation  in 
dry  C>2  and  F^O  followed  by  post-oxidation  in-situ  anneal  in 
argon.  Also  plotted  in  Fig.  4-31  is  the  fixed  oxide  charge 
density  obtained  for  these  samples  prior  to  avalanche  charge 
injection.  The  general  trend  for  fixed  oxide  charge  is  to 
decrease  with  increasing  oxidation  temperature.  This  is  oppo¬ 
site  to  the  hole  trapping  data  but  somewhat  similar  to  the 
electron  trapping  results.  A  similar  behavior  can  be  seen  in 
Fig.  4-32  for  interface  trapped  charge  density  at  midgap. 

Both  figures  suggest  that  it  is  unlikely  that  a  relationship 
exists  between  prior  to  avalanche  injection  and  I AVFB I  or 
N  following  avalanche  injection. 

To  further  analyze  the  data,  Nf  and  D^t  at  midgap  were 
plotted  versus  flat  band  voltage  shifts  for  all  (100)  and 
(111)  oriented  silicon  samples  oxidized  in  dry  02  and  pyro¬ 
genic  steam  and  given  various  post-oxidation  anneals.  Results 
for  electron  trapping  are  shown  in  Figs.  4-33 (a)  and  (b) — while 
hole  trapping  results  are  shown  in  Figs.  4-33  (c)  and  (d)  . 

No  clear  dependence  can  be  observed.  A  more  thorough  statis¬ 
tical  analysis  is  required  to  deconvolute  any  relationship 
that  may  exist.  It  is  clear  that  further  work  in  this  area 
is  necessary. 
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4-31.  Flat  band  voltage  shift  due  to  avalanche  injec 
tion  and  trapping  of  electrons  and  holes  (left 
axis)  and  fixed  oxide  charge  density  (right 
axis)  versus  oxidation  temperature  for  n-  and 
p-type  (111)  silicon  wafers.  Oxidations  were 
carried  out  in  dry  O2  or  pyrogenic  steam  fol¬ 
lowed  by  a  10  min  anneal  in  argon  and  a  2  min 
pull  in  argon.  Flat  band  voltage  shifts  are 
for  2000  sec  injection  time  at  the  specified 
current  density. 
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Fig.  4-32. 


Flat  band  voltage  shift  due  to  avalanche  injec¬ 
tion  and  trapping  of  electrons  and  holes  (left 
axis)  and  interface  state  density  at  midgap 
(right  axis)  versus  oxidation  temperature  for 
n-  and  p-type  (111)  silicon  wafers.  Other 
process  conditions  are  the  same  as  Fig.  4-31. 


INTERFACE  STATE  DENSITY  AT  MIDGAP,  Djt  (cm  2-eV  *) 


CHARGE  DENSITY,  Nf  W'Vcm2) 


Radiation  Induced  Trapped  Charge — Process  Dependence 


One  of  the  main  objectives  of  this  program  is  the  charac¬ 
terization  of  the  interrelationship  between  avalanche  injected 
charge  trapping  and  radiation  induced  charge  trapping.  This 
objective  was  carried  out  by  sending  samples  processed  simul¬ 
taneously  with  the  avalanche  injection  samples  to  Dr.  H.  L. 
Hughes  at  the  Naval  Research  Laboratory.  The  wafers  were 
exposed  to  1  *  106  rads  (Si)  under  a  positive  bias  of  10  volts 
The  process  dependence  of  radiation  induced  trapped  charge 
as  measured  by  Dr.  Hughes  is  discussed  in  this  section.  The 
next  section  compares  the  avalanche  injection  induced  charge 
trapping  with  the  radiation  induced  charge  trapping. 

A  summary  of  all  flat  band  voltage  shifts  obtained  at 
NRL  is  shown  in  Tables  I  and  II  for  oxidations  in  dry  C>2 , 
pyrogenic  steam  and  02/HCl.  Various  plots  resulting  from 
these  data  are  presented  and  compared  to  the  results  obtained 
by  avalanche  injection. 

The  radiation  exposure  results  for  (100)  and  (111)  n- 
type  Si  oxidized  in  dry  02  are  shown  in  Fig.  4-34  and  indicate 
that : 


1  —  The  increase  in  charge  trapping  for  nitrogen  and 

argon  anneals  at  1100°C  is  evident.  This  compares 
with  a  similar  increase  observed  in  hole  injection 
by  avalanche  shown  in  Fig.  4-3. 

2  —  The  orientation  dependence  previously  reported  is 

observed  with  (100)  oriented  substrates  yielding  the 
lower  flat  band  voltage  shift. 


Process  Parameters  and  Flat  Band  Voltage  Shifts  for  n-  and  p-Type 
(111)  Oxidized  Silicon  Substrates  (NRL) 
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Process  Parameters  and  Flat  Band  Voltage  Shifts  for  n-  and  p-Type 
(100)  Oxidized  Silicon  Substrates  (NRL) 
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OXIDATION  TEMPERATURE, T  (°C) 


Fig.  4-34.  Change  in  flat  band  voltage  following  irradiation 
versus  oxidation  temperature  for  trapping  from 
n-type  (100)  and  (111)  substrates.  Samples  were 
oxidized  in  dry  O2  and  received  a  post-metalliza¬ 
tion  anneal  at  400°C  in  10%  H2  in  N2  for  10  min. 
Irradiation  parameters:  10^  rads,  +10  V. 


3  —  Cooling  in  the  oxidizing  ambient  C>2FP  and  C>2SP 

results  in  small  variation  in  charge  trapping  with 
oxidation  temperature.  This  effect  was  also  observed 
in  avalanche  injected  hole  trapping. 

It  should  be  noted  that  in  the  case  of  exposure  to  ioniz¬ 
ing  radiation,  the  substrate  material  does  not  play  a  critical 
role  and  the  dominant  trapping  mechanism  observed  is  that  of 
hole  trapping.  This  behavior  is  illustrated  in  Fig.  4-35  and 
holds  for  most  measurements,  the  exception  being  for  p-type 
(100)  wafers  exposed  to  a  pre-metallization  anneal  in  hydrogen. 
In  this  case,  the  results  appear  to  indicate  enhanced  hole 
trapping  for  p-type  substrates.  A  clear  explanation  is  not 
available  at  this  time  and  only  further  experimentation  can 
clarify  this  point. 

Radiation  exposure  results  for  (100)  and  (111)  n-type  Si 
oxidized  in  steam  are  shown  in  Fig.  4-36  and  can  be  compared 
directly  to  the  avalanche  results  in  Fig.  4-7.  The  only 
obvious  difference  is  that  the  wafers  pulled  in  the  steam 
ambient  result  in  more  charge  trapping  when  carriers  are 
avalanche  injected  than  when  the  carriers  are  radiation 
induced.  This  may  be  due  to  increased  interface  rap  genera¬ 
tion  during  avalanche  injection  through  a  hydrogen-rich  inter¬ 
face  resulting  from  the  quench  in  steam. 

The  effect  of  post-metallization  anneal  in  10%  hydrogen 
in  nitrogen  forming  gas  or  100%  N2  is  shown  in  Fig.  4-37. 

The  results  indicate  no  major  differences,  again  in  agreement 
with  the  avalanche  injection  results  of  Fig.  4-16. 

In  summary,  many  of  the  processing  dependence  results 
observed  for  radiation  induced  trapping  are  similar  to  those 
for  avalanche  injection  trapping.  The  only  obvious  deviation 
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Fig.  4-36.  Flat  band  voltage  shift  following  irradiation 

versus  steam  oxidation  temperature  for  trapping 
from  n-type  (100)  and  (111)  substrates.  Other 
process  conditions  are  the  same  as  Fig.  4-34. 


Fig.  4-37.  Flat  band  voltage  shift  resulting  from  irradi 
ation  of  MOS  structures  that  received  a  10%  H 
in  N2  post-metallization  anneal  versus  MOS 
structures  that  received  a  100%  N2  anneal. 


87 


"C* 


occurs  for  radiation  induced  charge  trapping  on  p-type  (100) 
substrates  annealed  prior  to  metallization  in  hydrogen.  These 
results  are  considered  in  question  in  this  report  and  will 
need  further  verification. 

4.10  Relationship  between  Radiation  Induced  and  Avalanche 
Injected  Carrier  Trapping 

The  processing  dependences  of  radiation  induced  carrier 
trapping  presented  in  Figs.  4-34  and  4-36  and  the  obvious 
similarity  to  results  obtained  for  hole  trapping  by  avalanche 
injection  suggest  that  for  hole  trapping  in  thermal  oxides  a 
relationship  exists  between  the  two  carrier  trapping  processes. 
In  order  to  highlight  such  a  relationship  further,  all  flat 
band  voltage  shifts  resulting  from  radiation  induced  charge 
trapping  in  dry  oxides  were  plotted  in  Fig.  4-38  versus 
the  corresponding  shift  obtained  from  avalanche  charge  injec¬ 
tion  measurement  at  2000  sec  for  a  current  density  of 
_  s  2 

4.4  x  10  A/cm  .  Although  there  is  substantial  scatter,  it 
is  clear  that  some  relationship  exists.  The  results  for  (100) 
oriented  substrates  are  different  than  the  results  for  (111) 
substrates,  indicating  that  radiation  testing  may  be  more 
sensitive  to  process  variations  on  (100)  substrates  than  on 
(111)  substrates.  It  should  be  pointed  out  that  the  data 
could  be  expanded  by  varying  the  radiation  dose  or  the 
injected  carrier  density. 

A  similar  plot  for  steam  grown  oxides  is  shown  in  Fig. 
4-39.  One  striking  feature  of  this  plot  is  the  reduced 
carrier  trapping  apparent  in  the  radiation  test.  This  result 
is  however  quite  deceiving  and  can  be  easily  understood  by 
recalling  that  generation  of  interface  states  in  steam  oxides 
results  in  a  reduction  in  flat  band  voltage.  This  reduction 
is  a  strong  function  of  the  injected  carrier  density.  The 
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Fig.  4-38. 


Flat  band  voltage  shift  following  2000  sec  of 
injection  time  versus  flat  band  voltage  shift 
due  to  radiation  exposure.  Oxides  were  grown 
in  dry  02. 
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Fig.  4-39. 


Flat  band  voltage  shift  following  2000  sec  of 
injection  time  versus  flat  band  voltage  shift 
due  to  radiation  exposure.  Oxides  were  grown 
in  pyrogenic  steam. 


dose  used  in  the  radiation  testing  could  be  high  enough  to 
generate  sufficient  interface  trapped  charges  to  reduce  the 
flat  band  voltage  shift  in  the  manner  illustrated  in  Fig.  4-9. 
In  summary,  when  the  data  resulting  from  the  steam  oxidation 
and  cool  (H2OP)  are  examined  carefully  it  is  evident  that  the 
overwhelming  majority  of  the  data  indicate  a  strong  correla¬ 
tion  between  avalanche  injected  carrier  trapping  and  radiation 
induced  carrier  trapping. 

These  results  lead  to  three  major  conclusions: 

(a)  The  traps  present  in  the  oxide  and  populated  by 
avalanche  injection  or  radiation  exposure  are 
strongly  process  dependent. 

(b)  The  density  of  carriers  trapped  is  dependent  on  the 
technique  used  to  populate  the  traps.  Except  for 
the  differing  rates  of  interface  trap  generation 
during  the  testing,  a  relationship  is  evident 
between  flat  band  voltage  shifts  given  by  the 
different  test  methods.  This  suggests  that  the 
trap  density  measured  is  largely  independent  of  the 
method  by  which  the  carriers  are  injected,  be  it 
ionizing  radiation  or  injection  over  the  barrier 
due  to  avalanche. 

(c)  Due  to  this  relationship  between  radiation  induced 
charge  trapping  and  avalanche  injected  charge 
trapping,  testing  for  radiation  sensitivity  can  be 
carried  out  by  avalanche  injection  rather  than 
radiation  exposure,  therefore  allowing  for  the 
possibility  of  on-chip  radiation  hardness  testing. 
This  last  result  could  have  significant  implications 
in  improving  the  reliability  of  radiation  sensitive 
devices. 
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5 . 0  SUMMARY 


The  effects  of  processing  variables  on  the  trapping  char¬ 
acteristics  of  injected  charge  carriers  in  thermal  silicon 
dioxide  have  been  characterized  for  a  large  variety  of  typical 
I C  fabrication  processing  steps.  The  process  dependence  of 
the  trapped  charge  was  compared  to  those  produced  by  exposure 
to  ionizing  radiation.  The  results  show  a  definite  correlation 
between  the  two  methods  of  carrier  generation  and  trapping, 
suggesting  that  avalanche  carrier  injection  could  be  used  as  a 
quick  routine  on-chip  test  for  the  radiation  sensitivity  of  a 
given  process  or  processing  sequence. 

5. 1  Optimum  Process  Parameters  for  Minimum  Radiation 
Sensitivity 

In  order  to  summarize  some  of  the  findings  from  this 
report,  it  is  interesting  to  consider  the  fabrication  of  a 
hypothetical  device  containing  both  n-  and  p-channel  devices, 
with  the  major  requirement  being  minimum  charge  trapping  in 
the  gate  oxide.  Such  a  device  could  be  fabricated  according 
to  the  following  rules: 

(a)  The  substrate  used  should  have  (100)  orientation  to 
minimize  all  oxide  charges. 

(b)  The  oxidation  can  be  carried  out  in  dry  C>2  or  steam 
at  1  atm  if  followed  by  a  nitrogen  anneal  at  900°C 
(possibly  at  1000°C) .  High  pressure  steam  would 
result  in  increased  electron  trapping. 

(c)  Poly-Si  gates  or  fieldplates  may  lead  to  erratic 
results  but  the  conditions  of  growth  of  the  under¬ 
lying  oxide  are  generally  dominant. 


(d)  Exposure  to  pure  hydrogen  for  low  temperature 
anneals  should  be  minimized.  Aluminum  post¬ 
metallization  anneal  should  be  used  when  possible. 

(e)  Ion  implantation  will  result  in  some  degradation 
even  when  oxide  is  grown  following  implant.  For 
annealing  implant  damage  with  minimum  dopant 
redistribution,  a  laser  anneal  (topside)  or  electron 
beam  anneal  (backside)  is  recommended  for  minimum 
effect  on  oxide  sensitivity  to  trapped  charges. 
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6 . 0  FUTURE  WORK 


The  primary  objective  of  this  program  was,  and  will  con¬ 
tinue  to  be,  to  obtain  a  better  understanding  of  the  process 
dependence  of  charge  trapping  in  thermal  oxides.  To  accomplish 
this  objective,  the  dependence  of  both  electron  and  hole  trap¬ 
ping  on  some  process  variables  involved  in  the  oxide  preparation 
was  determined  in  the  first  two  years  of  the  program.  Further¬ 
more,  charge  trapping  induced  by  avalanche  injection  was  related 
to  that  induced  by  ionizing  radiation.  Data  gathered  as  part 
of  this  program  have  already  yielded  a  substantial  amount  of 
information  that  can  be  used  in  the  optimization  of  the  process 
variables  that  will  lead  to  minimum  charge  trapping  in  VLSI 
device  structures.  The  relationship  observed  between  avalanche 
injection  trapping  and  ionizing  radiation  trapping  will  be  used 
to  develop  an  accelerated  test  procedure,  involving  test  struc¬ 
tures  compatible  with  current  and  projected  VLSI  device  pro¬ 
cessing,  which  would  allow  on-chip  testing  for  radiation  sensi¬ 
tivity. 

Future  work  under  this  program  can  be  divided  into  two 
areas.  The  first  area  is  aimed  at  extending  the  process 
dependence  data  obtained  and  covering  new  areas  such  as  damage 
due  to  implants,  plasma  processing  effects,  and  others.  The 
structures  will  be  tested  by  avalanche  injection  as  well  as 
ionizing  radiation.  The  second  area  will  deal  with  the  inves¬ 
tigation  of  test  structures  suitable  for  incorporation  on  VLSI 
wafers  and  compatible  with  VLSI  processing. 

These  test  structures  will  be  fabricated  on  high  resis¬ 
tivity  material  (5-18  fi-cm)  typically  used  for  MOS  VLSI  circuit 
manufacturing.  Oxides  grown  on  such  high  resistivity  material 
are  not  suitable  for  avalanche  charge  injection  and  trapping 
experiments  as  a  result  of  the  high  voltages  that  are  required 


to  generate  the  fields  necessary  for  impact  ionization  on  the 
substrate.  Ion  implantation  will  therefore  be  used  to  increase 
the  dopant  levels  at  the  surface  of  the  silicon  to  the  vicinity 
of  1  x  1017  to  3  x  1017/cm3.  It  should  be  noted  that  prelimi¬ 
nary  results  outlined  in  Section  4.7.4  show  that  ion  implanta¬ 
tion  can  result  in  increased  charge  trapping  in  thermal  oxides. 
These  results  also  show,  however,  that  the  dependence  of  charge 
trapping  on  pre-implantation  parameters  is  not  masked  by  the 
implantation  effects.  Based  on  this  finding,  oxide  sensitivity 
to  radiation  induced  or  avalanche  injected  charges  can  be  moni¬ 
tored  by  means  of  a  high  resistivity,  ion  implanted  substrate. 
In  this  part  of  the  program,  test  structures  with  ion  implanted 
regions  will  be  compared  to  nonimplanted  low  resistivity  struc¬ 
tures  used  in  the  first  two  years  of  the  program. 
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